Abstract--The gas-phase adsorption of trimethylphosphine onto hectorite, exchanged with Co(II) and Ni(II), gives trigonal complexes of the type [M(Ot)3(PMe3)] 2+ (M = Co, Ni). Ten Dq values of PMe 3 are 2.1 and 2.4 times larger than those of the structural oxygens or solvent molecules. The same complexes form between dimethylphenylphosphine and Ni(II) on hectorite and on synthetic zeolite Y. Co(II) forms pseudotetrahedral complexes with dimethylphenylphosphine ligands. These surface-immobilized transition-metal complexes interact strongly with NO and CH-=CH and to a lesser extent with CO and CH2=CH2, giving new types of complexes.
INTRODUCTION
Transition-metal amine complexes intercalated in smectite-type minerals have been extensively studied (Schoonheydt, 1981) . The studies on phosphine complexes have been restricted to cationic rhodium complexes in attempts to produce heterogenized homogeneous catalysts Raythatha and Pinnavaia, 1981; Quayle and Pinnavaia, 1979; Mazzei et al., 1980) . Trimethylphosphine (PMe3) forms well-defined complexes with Co(II) and Ni(II) in the supercages of faujasite-type zeolites. The type of complexes depends on the transition metal ion and on the type of zeolite. For example, in Y-type zeolites the low-spin, trigonal bipyramidal complex Ni(PMe3)52+ forms, as well as a similar, low-spin complex with Co(II). These low-spin complexes cannot be synthesized in X-type zeolites; however, both zeolites contain pseudo-tetrahedral complexes which could only be identified unambiguously for Ni(I1) as [Ni(Ot)3(PMea)] 2+ (Or = lattice oxygen) (Schoonheydt et al., 1980a (Schoonheydt et al., , 1980b .
In the present paper another variable, the type of surface, is introduced into the complexation of surfaceimmobilized transition metal ions by means of a comparison of the complexation of Co(II) and Ni(II) with dimethylphenylphosphine (PMe2q~) in zeolites and on clays.
EXPERIMENTAL

Materials
The <2-urn fraction of hectorite SHCa-1 (Source Clays Repository of The Clay Minerals Society) was used throughout the experiments. Suspensions (2% by weight) were exchanged with 0.005 mole/dm 3 COC12 or NiC12 solutions in dialysis membranes. After a CI--free washing, the samples were freeze-dried and stored as such. Synthetic zeolites X and Y loaded with Co(II) and Ni(II) were prepared as previously described (Schoonheydt et al., 1980a .
The exchangeable cation content of the samples was determined by atomic absorption spectrometry (Table  1 ). The numbers in Table 1 were calculated on a dry weight basis. The dry weight of the zeolites was obtained by calcination at 850~ until constant weight. The dry weight of the clays is obtained after calcination at 110~ until constant weight. Dimethylphenylphosphine (PMe240 and trimethylphosphine (PMe3) were obtained from Strem Chemicals Inc. and purified before use as described by Schoonheydt et al. 1980a) . The gases nitric oxide (NO), carbon monoxide (CO), ethylene (CH2=CH2), and acetylene (CH-=CH) were obtained from L'Air Liquide. They were high purity gases (99.999% by volume) and used without modification.
Procedures
Before treatments with phosphine, the water of the clays was removed (1) by washing with methanol or dichloromethane (CH2C12) prior to the loading of the reflectance cell and the McBain balance with the clay samples; and (2) by loading first the reflectance cell and the McBain balance with the clay samples followed by an adsorption-evacuation process of gaseous methanol, repeated 3 times. In each experiment, the samples were evacuated at room temperature prior to the adsorption of phosphines. The reflectance cell and the McBain 1 The sample symbols (Y = zeolite Y) are preceded by the symbol of the transition metal and followed by the number of transition metal ions per unit cell.
balance were connected to the same vacuum line to allow simultaneous treatments.
Dimethylphenylphosphine and trimethylphosphine were allowed to adsorb at room temperature until constant weight was reached on the McBain balance. Typical partial pressures were 267 Pa (PMe2qS) and 2.67 • 104 Pa (PMe3). Reflectance spectra were recorded after saturation with phosphines and after evacuation of phosphines at room temperature. At this point small gaseous molecules (NO, CO, CH2=CH2, or CH=-CH) were allowed to adsorb until constant weight was obtained, and the spectra were recorded again.
Spectra were recorded in the 2000-200-nm range on a Cary 17 instrument with a type I reflectance unit. The standard was BaSO4. The spectra were tape-recorded and computer-processed to obtain the KubelkaMunk function as a function of the wavenumber. The Kubelka-Munk function is defined as:
where R~o is the ratio of the light intensity reflected from the sample to the light intensity reflected from the standard. Some spectra were recorded against Nahectorite or NaX and NaY zeolite in the visible-ultraviolet region only. These spectra were plotted as such.
The pretreatment of the zeolites and the adsorption of phosphines were described by Schoonheydt et al. (1980a Schoonheydt et al. ( , 1981 . After saturation with phosphines, the zeolites were evacuated and small gaseous molecules were allowed to adsorb as described above for the clays.
RESULTS
Adsorption of phosphines
Clays and faujasite-type zeolites adsorb PMe24~ and PMe3 almost instantaneously. The adsorption is accompanied by color changes which are indicative of complexation of the transition metal ions on the surface. The amounts adsorbed are reported in Table 2 . The slight fluctuation in the values for the clays is due to differences in pretreatments, such as number of washings with solvent or evacuation time prior to adsorption ofphosphines. These experimental details were not investigated because the spectra of the phosphine Schoonheydt et al., 1980a Schoonheydt et al., , 1981 complexes were not affected by them. The corresponding d(001) spacings are in the range 13.80-15.60 ~, independent of the type of cation, the type of phosphine, and the pretreatment. The PMe3:M(II) ratios of the clays and zeolites are equal, but the PMe24~:M(II) ratios are much lower in the zeolites than in the clays.
Reflectance spectra of Ni(II)-phosphine-clays
Ni-hectorite turns brown immediately upon adsorption of PMe24~ or PM%. The reflectance spectra of the phosphine complexes ( Figure 1 ) are very similar and independent of the phosphine loading; partial saturation or evacuation of phosphines after saturation give the same spectra. The bands of the PM% complex are at slightly higher frequencies than those of the PMe2~ complex, indicating that the former is a somewhat stronger ligand. The main band has its maximum intensity at 8200 cm ~ (PMe2~) or at 8400 cm -1 (PMe3). For both materials, the weak, sharp bands on the low frequency tail are CH-overtone stretching vibrations. In the visible regions, a broad shoulder at 20,900 cm -~ for PMe2~b and 22,500 cm -~ for PMe3 was noted with a low-frequency tail and a band at 24,900 cm -1 for PMe2~b (26,500 cm -l for PMe3 and much sharper). All of these bands fall in the range expected for d-d transitions of Ni(II). In the ultraviolet region, well-resolved bands were only obtained when the spectra were recorded against Na-hectorite (see insert of Figure 1) . The bands at 33,300 cm -~ (300 nm) for PMe2~ and 36,500 nm (275 nm) for PMe3 are P -~ Ni(II) chargetransfer transitions. The supplementary band at 38,500 cm -~ (260 nm) for PMe24~ is the 7r ~ 7r* transition of the phenyl ring.
Reflectance spectra of Co(II)-phosphine clays
Upon adsorption of PMe2~ or PMe3, Co-hectorite becomes green. The reflectance spectra (Figure 2) are independent of the phosphine loading, i.e., 50% saturation, saturation, and evacuation ofa phosphine-saturated Co-hectorite give the same spectra. The spectrum of Co- Figure l. Plot of F(R~) against wavenumber for (1) Ni-hectorite + PMe3; (2) Ni-hectorite + PMe24~. Spectrum (2) is shifted downwards by one order of magnitude of F(R~). The insert is part of the spectrum of Ni-hectorite + PMe2q~ recorded with Na-hectorite as a reference.
3 sets ofd-d bands: a weak band at 5700 cm ~ superposed on C-H overtones; a triplet in the near infrared region (7625-8900-9950 cm l) and a triplet in the visible region (15,275-15,800-16,850 cm '). All of these bands are d-d transitions of tetrahedral Co(II). In the UV range the shoulder around 25,000 cm-l is probably due to the clay, the 31,750 cm-' band is the P + Ni(II) charge transfer, and the 37,000 cm -~ band is the 7r 7r* of phenyl. The spectrum of Co-hectorite + PMe3 is quite different and contains a band at 5900 cm t with superposition of CH overtones but no triplets in the NIR and visible regions. Instead, a band at 10,600 cm -~ (with a shoulder around 8800 cm-'), a band at 14,200 cm ~, and one at 23,000 cm -~ were noted. A broad charge.transfer band at 38,500 cm-' was noted in the UV range.
Reflectance spectra of Co(II) and Ni(II) with PMe2c~ on faujasite-type zeolites
On Y-type zeolites, PMezq5 interacts with Co(II) and Ni(II) to form complexes with the same spectra as for hectorite. The various bands are, however, better resolved ( Figure 3) ; thus, on a Y-type zeolite with 18 Ni 2+ per unit cell (NiY 18) the characteristic bands are at 8400 cm ~, 19,400 cm -t with low frequency tailing, 26,300 cm ~, 32,200 cm -1, and 37,100 cm-L For CoY, saturated with PMe2~h, in addition to the weak band at 5500 cm t, a triplet in the NIR region (7900-8500-10,000 cm ~), a quadruplet in the visible (14,700-15,500-16,900-17,700 cm-l), and bands at 22,550 cm ~, 27,200 cm ~, 30,500 cm-', and 38,000 cm ~ were noted. The last is mainly the ~r ~ ~r* band of the phenylring. Faujasite-type zeolites must be carefully saturated to obtain these spectra. Incomplete saturation leads to a complex spectrum of phosphine complexes and uncomplexed transition metal ions. The 5500-cm ~ band and the 17,700-cm -~ band of CoY + PMe2q5 may partially be due to uncomplexed Co(II). This problem is especially pronounced with X-type zeolites; after saturation with PMe24~, both CoX and NiX show reflectance spectra dominated by bands of the structural Co(II) and Ni(II). New bands due to phospbine Complexes are not or almost not visible.
Interaction with small molecules
When excess PMe24~ is removed by evacuation at room temperature, all of the samples readily adsorb small molecules such as NO, CO, CHz=CH2, and CH~ CH (Table 2 ). NO and CH-= CH strongly interact with the phosphine complexes on the surface and new spectra are produced (Figure 4) . For NO the most prominent feature is a 2-band system with maxima around 18,000 and 21,000 cm-L Acetylene produces a broad band in the visible region. No spectral changes occur upon adsorption of ethylene, and only minor spectral changes are produced upon adsorption of CO. These observations were made on the clays and on the zeolites. The small molecules were, however, not allowed to adsorb on PMe3-clays or zeolites. In the preliminary IR spectra of NO and CO on CoY 18 and NiY 18 after loading with PMe2~, several bands were observed of NO and CO coordinated to different types of Co(II2)-and Ni(II)-species. These bands are indicative of the presence of different types of complexes. On clays, CO and NO bands were too weak for a systematic investigation. 
DISCUSSION
The maximum numbers of PM% and PMe2q5 molecules that can be adsorbed in the supercages ofzeolites are in the ratio 2PMe3 to I PMe24~ (Table 2) , in agreement with a space-filling model, based on bond distances (CRC, 1971 (CRC, -1972 . The surface areas per molecule for the models of PMe3 and PMe2~b are estimated to be 0.22 nm 2 and 0.47 nm 2, respectively. The adsorbed amount of PMe2~b in the interlamellar space of hectorite (800 m2/g) suggests exactly monolayer coverage. This is not true for PMe~, and we can offer no explanation for this difference. The measured spacings are close to those of the methanol-clays prior to adsorption of phosphines (1.41 A) and can therefore not be used to learn something about the orientation of the phosphine complexes with respect to the clay surface. Expansion above the monolayer, however, is excluded.
Analysis of the spectra
For Ni(II), the three-dimensional packing in the supercages of faujasite-type zeolites and the bidimensional packing in the interlamellar space of hectorite lead to identical reflectance spectra and, most probably, to identical complexes, For Ni-zeolites, the spectra obtained with PMe3 were interpreted by Schoonheydt et aL (1980a) in terms ofa pseudotetrahedral complex [NiOt)3(PMe3)] 2 § with the PMe3 ligand, a 2.1-to 2.3-times stronger ligand than the structural oxygens. A similar ligand-field analysis of the present spectra gives the results summarized in Table 3 . The physical meaning of the tabulated parameters is given in Appendix 1. It follows from the 10 Dq p values in Table 3 that PMe3 is a slightly stronger ligand than PMez~b because it is a stronger base (Henderson and Streuli, 1960) . Also, on the basis of the 10 Dq values the phosphines are stronger ligands than the other atoms in the coordination sphere by a factor of 2.16-2.32. For hectorite, solvent molecules are present in the interlamellar space, and the O/-ligands may be structural oxygens and solvent molecules. It follows from this analysis that one phosphine molecule is coordinated per Ni(II) in Ni-hectorite. As with the zeolites, chemisorption of phosphine molecules on structural oxygens accounts for the fact that the adsorbed amount of phosphine exceeds 1 phosphine per Ni(II).
The situation is more complicated for Co(II) because the formation of the complexes depends on the type of support and the type of phosphine. With PMe2qS, tetrahedral-like complexes form on hectorite and on (a) the band maximum is at 5500 cm-l; (b) the band maximum is at 5900 cm -l.
CoY zeolites. The parameters were calculated from the spectra by taking the average band frequency of the triplet bands. Thus, for CoY: ut(4A2(F) ~ 4T2(F))= 5500 cm-~; u2(4A2(F) ~ 4Tt(F))= 8800 cm-~; and u3(4A2(F) ~ 4T,(P)) = 15,700 cm-' with B = 533-575 cm -~ and 10 Dq .... 5292-5500 cm -~ (K6nig, 1971) . For Co-hectorite almost the same values are obtained: u~ = 5700 cm-~; u2 = 8825 cm-l; andu3 = 15,975 cm -l, with B = 513-596 cm -~ and 10 Dq te~ = 5288-5700 cm-L These 10 Dq ~et values are larger than usually encountered for coordination to oxygen atoms (K6nig, 1971; Schoonheydt et al., 1980a) , but similar to those found for the system CoX + PMe3 . Thus, the phosphine has a distinct influence on the spectra. Whether this is due to its coordination as PMe24~ or the phosphine oxide OPMe2~b or to an indirect effect on the coordination of Co L+ is not known. The formation of phosphine oxide is the result of a chemisorption reaction between PMe2q5 and structural oxygens. A similar reaction has been described for faujasitetype zeolites . The spectrum of the complexes of Co(II) with PMe3, on the surface of hectorite can be described in terms of a compressed tetrahedron model as shown for Ni(II) in Table 3 and for Co(II) on zeolite X ; namely, Table 4 , the fit is reasonable. The tetrahedral splitting parameter of the structural oxygens and/or solvent molecules (G4 ~ and the tetrahedral splitting parameter of PMe3 (O4 p) are systematically lower than those calculated from the spectra of the Ni(II) complexes (see Table 3 ). The same trend was observed for tetrahedral halogenide complexes (Lever, 1968) .
Interaction with small molecules
The gravimetric and spectral data show that NO and CH~-CH enter the coordination sphere of the phosphine complexes of Co(II) and Ni(II) on hectorite and on the zeolites. The complexity of both the reflectance and IR spectra is indicative of either a chemical reaction between these molecules and the complexes, or the presence of several types of complexes prior to adsorption of the small molecules. The present data do not allow an unambiguous interpretation.
CONCLUSIONS
Ni(II) coordinates more easily to the tertiary phosphines, PMe3 and PM%4~, than does Co(II). On the surface of faujasite-type zeolites and hectorite, trigonal complexes form with 1 phosphine molecule and 3 structural oxygens or 3 residual solvent molecules in the coordination sphere. This arrangement is also found for Co(II) and PMe3 on hectorite. With PMe2qS, pseudotetrahedral Co0I) complexes form. On the zeolites complexation of PM%q~ with Co(II) and Ni(II) is incomplete, especially on X-type zeolites. The complexes readily take up NO and CH~-CH in their coordination sphere, and to a lesser extent, CO and CH2=CH2.
Our attempts towards a direct complexation of Cu(II) with phosphines on hectorite failed; the experiment lead to reduction of Cu(lI) as it was previously shown for Y-type zeolites (Herman, 1979 (Griffith, 1971) . The ratio B/B o is a measure of the expansion of the 3d electron density on the Iigands. tt is always less than 1 because of the covalent character of the coordination bond. The parameters, 10 Dq ~ and 10 Dq ~ describe the extent of splitting of the 5 d-orbitals into 2 groups (dxz, dyz, dxy and dz ~, dxZ-y ~) under the action of the tetrahedral ligand field. The superscripts P and O refer respectively to phosphines and structural oxygens and/or solvent molecules. G~ ~ and G4 ~ have a similar meaning.
